Hydrogen is an emerging energy source/carrier for oil refining and fuel cell applications. The development of an efficient and stable catalyst to produce hydrogen-rich gas is required for industrial application. Ni@yolk-ZrO2 catalyst could be a potential solution to tackle the challenges in hydrogen production. The catalyst was characterized using a combination of XRD, TEM, AAS, TPR, BET, and XPS. In this study, the amount of micropores in ZrO2 hollow shell was demonstrated to influence the catalytic performance. The catalysts were evaluated on time stream and identified its porosity effect on ZrO2 hollow shell. From the characterization of BET and catalytic evaluation, the physical information of the ZrO2 hollow shell was established, which affected the catalytic performance in steam reforming of methane. Furthermore, the results from XPS and TEM showed Ni particles were controlled under the ZrO2 yolk-shell structure framework and showed the characteristic of moderately strong hydrothermal stability after steam reforming test. The catalysts were studied under GHSV of 50,400 mLgcat -1 h -1 and S/C=2.5 at 750 o C and they maintained stable with methane conversion more than 90% for 48 hours.
Introduction
In spite of the necessity to move towards renewable chemical resources in the future, the importance of large fossil fuel, especially natural gas based will remain vital for number of years. Therefore, the development of robust and efficient catalyst is a priority today. Steam reforming of methane (SRM) has attracted industrial interest because of the possibility to convert widely available carbon-based substances into feedstock for further chemical processes. 1, 2 Despite the drawbacks of the steam reforming of methane tied to its high endothermic reaction, this process produces hydrogen-rich synthetic gas. Since the SRM reaction runs at high temperatures, highly thermo-stable catalysts have to be developed to feed industry requirement. Ni-based catalysts have been considered to be a promising candidate due to their low cost and availability. 3 However, these catalysts suffered fast deactivation at high temperature due to sintering or particle growth and formation of inactive carbon fibres/filaments. These drawbacks become main barrier in industrial applications.
Regarding the influence of the support on activity of the Ni-based catalysts, many studies have been reported. Doping with alkaline earth 4, 5 and rare earth [6] [7] [8] elements or substitute as substrate [9] [10] [11] have been considered to be promising strategies to promote nickel particle stability taking advantage of strong metal-support interactions. Other supports, in particular mesoporous structures [12] [13] [14] were demonstrated to effectively disperse and confine active metal particles in the mesoporous channels. Still, nickel particles' growth at high temperature during pre-treatment and catalytic process severely hurt for the process of steam reforming of methane. 15, 16 Therefore, the support should effectively promote uniform distribution of the Ni particles and show thermal stability to support Ni particles.
The coking mechanism is well studied, as carbon severely deposited in the catalyst will eventually lead to deactivation because the sintering of the active metal particles was dependent on the selection of the supports. A study showed highly dispersed Ni nanoclusters in MCM-41 have high stability in carbon dioxide reforming of methane under high temperature. 17 The improved catalytic performance was suggested to be the result of high active centres on the pore wall surface and the stabilized dispersion of these active sites by the silica matrix. However, carbon deposition in mesoporous channel support is inevitable.
Many studies show doping of other metals could suppress the growth of active metal in the mesoporous channel and lead to less carbon formation. [18] [19] [20] Other approaches include the design of the support texture as core-shell or yolkshell catalysts have also been reported recently. [21] [22] [23] [24] [25] [26] These structures incorporate unique properties to prevent agglomeration of active metal nanoparticles. The structures were designed to encapsulate active metal with highly permeable shell to obtain reactant gaseous exchange and isolation of active metal simultaneously. 27 Many have demonstrated the effect of core-shell or yolk-shell structured supports [28] [29] [30] [31] in catalyst applications. They each showed excellent stability and reusability for their respective catalytic process. Lately, Ni@porous silica-shell 32 , Ni@SiO2 yolkshell nanoreactor 33 , and Ni-Yolk@Ni@SiO2 nanocomposites 34 have been established in reforming of methane and outlined core-shell or yolk-shell structures were effective against active particle agglomeration at high temperature. However, their Ni wt.% loading was comparatively high for the reaction and among them Ni-Yolk@Ni@SiO2 nanocomposites have the suitable Ni loading. Also, the permeation degree of the respective shells was varied and influenced their yield of conversion of methane to syngas. SiO2 as shell support was shown to be effective in their respective reaction, however, the stability under water or water vapour is rather poor at high temperature. 35, 36 Motivated by these studies,
we developed a catalyst with high stability for steam reforming of methane reaction with relatively low Ni loading while effectively isolating active Ni particles.
In this paper, we report a Ni@yolk-ZrO2 catalyst synthesized via double template emulsion method by varying the porosity of ZrO2 hollow shell to investigate the catalytic performance and their stability in steam reforming of methane.
Experimental

Synthesis and characterization
Synthesis of Ni colloids and Ni@SiO2. The synthesis of Ni@SiO2 colloids was carried out by reverse micelle approach. Typically, 3mL of aqueous 0.25M NiCl2 and 11.5mL of Brij L4
(Sigma-Aldrich) were mixed with 40mL of n-octane in a 250mL 3-neck round bottom flask at . X-ray photoelectron spectroscopy (XPS) spectra were recorded on a Shimadzu Axis Ultradld spectroscope (Japan) using the monochromatized Al Kα radiation resource at room temperature and under a vacuum of 10 -7 Pa (10 -9 Torr). The starting angel of the photoelectron was set at 90 o . The spectrum was calibrated with a C 1s spectrum of 248.8 eV.
Catalytic evaluation
Steam reforming of methane was studied in a fixed bed quartz reactor (12mm ID) under atmospheric pressure. The reactor was equipped with a pre-heater, a syringe pump, a cold condenser and a gas flow meter. . The effluent gases were analyzed by an on-line gas chromatography (INESA Scientific Instrument Co.Ltd, GC-122) equipped with a packed column (TDX-01) and a TCD detector. A cold trap was placed before the TCD to remove moisture in the gas products.
The peak area normalization method was used for quantitative analysis of effluent gaseous. 37, 38 The CH4 conversion and CO selectivity were calculated using equations (1) and (2) The TEM micrographs of Ni@yolk-ZrO2 catalysts before steam reforming test are shown in Fig. 2 . The Ni particles are uniformly distributed in the ZrO2 hollow shell and no apparent aggregation of particles was observed. The particle distribution of Ni in each catalyst is shown in Table 1 . It was observed that increased addition of surfactant increased the Ni nanoparticle size. The surfactant was employed as porosity agent to achieve permeation of gaseous exchange for the ZrO2 hollow shell. The increase in Ni particle size with surfactant addition could be related to the total pore volume in the catalysts. Among the pore volumes, BrNi-4.8 has the lowest value of 0.18 cm , which indicates that the synthesized catalysts were able to suppress the agglomeration of the active metal nanoparticles. Also, the structural integrity of BrNi-4.8 collapsed after steam reforming test (Fig. 3e) , which implies that excessive addition of surfactant in Ni@yolk-ZrO2 catalyst resulted in a fragile ZrO2 hollow shell.
The BET isotherm graph (Fig. 1b) showed ZrO2 hollow shell, which affects the pores structure developed from slit-shape to ink bottle, thus influences the catalysts' efficiency. On the other hand, weak integrity of the ZrO2 hollow shell could be ascribed to the hydrothermal instability of SiO2 contributed in the shell matrix.
From Table 2 , BrNi-4.8 before and after steam reforming test showed drastic changes in Si 2p mass concentration over the catalyst surface when compared to other configurations. In addition, the O 1s XPS spectra from Fig. 5 of ZrO2 (530 eV) and SiO2 (532 eV) showed that before testing, SiO2 was detected as lower intensity than ZrO2, and higher intensity after test.
This implied that SiO2 entities/matrix were disrupted in the shell and detected on the surface of the catalyst. It was proposed that SiO2 was not a good selection as support in steam reforming methane due to hydrothermal instability at high temperature. Zr species weaken due to the total pore volume decreased and the anchoring effect no longer sturdy to support the Ni particle. This indicated the amount of surfactant addition modifies the existing Ni species in the catalyst. From BET isotherm graph, the onset of capillary condensation was shifting to lower relative pressure, showing that the pores in the ZrO2 hollow shell were enlarged as addition of surfactant increased. It was evident from TPR testing that Ni species were affected by the pores of ZrO2 hollow shell.
The catalytic steam reforming of methane of Ni@yolk-ZrO2 catalysts and impregnated catalysts as reference sample were studied at GHSV of 50,400 mLgcat Analysing the performances of the superior performance of these catalysts, the Ni particles size played an important role in the performance in steam reforming of methane.
Comparing BrNi-2.4 with BrNi-4.8, with Ni particles size of 9 nm and 11.1nm respectively, which greatly affected the methane dissociation during steam reforming test. Another factor was the yolk-shell structure, which was stable after 48 hours of testing for BrNi-2.4, whereas the yolk-shell structure of BrNi-4.8 collapsed after 24 hours. The XPS Ni 2p and TEM images after catalytic test showed the zirconia hollow shell effectively isolating the Ni particles with high structural stability, and maintaining high performance in steam reforming of methane.
The overall performance was low for BrNi-4.8 due to the weak integrity framework of ZrO2 hollow shell. XPS and TEM showed the entities of SiO2 were greatly increased on the surface of the catalyst which indicating the destruction of the ZrO2 hollow shell. As for BrNi-0.0, the performance was slightly lower than BrNi-1.6, BrNi-2.4, and BrNi-3.2. The inhibition of the performance of BrNi-0.0 was ascribed to the physical characteristics of its ZrO2 hollow shell.
It showed a high amount of total pore volume but has low amount of micropore volume, indicating the low amount of slit-shaped pores in the ZrO2 hollow shell, which was limiting the gaseous exchange in steam reforming test. Also, the slit-shaped pores could be diminished due to sintering of ZrO2 nano-grains in the ZrO2 hollow shell, limiting the diffusion of reactants or products during steam reforming of methane.
Conclusions
Ni@yolk-ZrO2 nanoparticles with sub-10nm Ni cores were synthesized via a double template method and evaluated for steam reforming of methane. Active Ni particles agglomeration behaviour was studied by varying the pore size of ZrO2 hollow shell with surfactant addition.
It was shown that the surfactant additions directly affected the physical properties of ZrO2 hollow shell and consequently their catalytic performance. Without surfactant addition, the ZrO2 hollow shell limited the permeation of gases during reaction, whereas, adequate addition of surfactant promotes gaseous exchange. Over addition of surfactant resulted in weak ZrO2 hollow shell. Besides, from XPS analysis, the hydrothermal stability of the catalysts was observed to be moderately strong in steam reforming of methane which favours long hours of reaction. It is notable that the catalysts have both anti-agglomerating and good hydrothermal stability which is possible to extend to other similar reactions.
